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Purpose: Over the last decade, wireless capsule endoscope has been the tool of choice for non-invasive inspection of the gastrointestinal tract, especially in the small intestine. However, the latest clinical products have not been equipped with a sufficiently 15 accurate localization system which makes it difficult to determine the location of intestinal abnormalities, and to apply follow-up interventions such as biopsy or drug delivery. In this paper, we present a novel localization method based on tracking three positron emission markers embedded inside an endoscopic capsule.
Methods: Three spherical
22 N a markers with diameters of less than 1mm are em-
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bedded in the cover of the capsule. Gamma ray detectors are arranged around a patient body to detect coincidence gamma rays emitted from the three markers. The position of each marker can then be estimated using the collected data by our tracking algorithm which consists of four consecutive steps: a method to remove corrupted data, an initialization method, a clustering method based on the Fuzzy C-means clus- 25 tering algorithm, and a failure prediction method.
Results:
The tracking algorithm has been implemented in Matlab utilizing simulation data generated from the GATE (Geant4 Application for Emission Tomography)
toolkit. The results show that this localization method can achieve real-time tracking with an average position error of less than 0.4mm and an average orientation error 30 of less than 2 • .
Conclusions:
We conclude that this study has proven the feasibility and potential of the proposed technique in effectively determining the position and orientation of a robotic endoscopic capsule.
I. INTRODUCTION
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A Wireless Capsule Endoscope (WCE), being a non-invasive and well-tolerated diagnostic tool, has been a preferred choice to investigate abnormalities in the Gastrointestinal (GI) tract since its introduction in 2000 1 . Over a million of examinations using WCE have been performed all over the world 2 . Although many patients have benefited from these examinations, deaths caused by GI diseases and disorders are still at a high rate. Additionally, other site-specific GI diseases also impose substantial health burden on the society. Therefore, the next generation of WCE is desired to have not only the diagnostic 45 functionality, but also the therapeutic capabilities such as biopsy, targeted drug delivery, and micro surgery [5] [6] [7] .
A major issue that constrains the progress to develop a fully robotic WCE is that it has not been equipped with an accurate localization system to provide both position and orientation information of the capsule. With the latest version of WCE, the endoscopists 50 are able to detect pathologies by reviewing the clear images of abnormalities in the GI tract.
However, they are presently unable to locate the abnormalities accurately which, to some extent, limits the effectiveness of the diagnosis. One of the important information that the endoscopists need during the diagnosis is the distance that the capsule has travelled along the GI tract. It would be possible to estimate this information and reconstruct the movement 55 trajectory if the capsule is tracked continuously in real-time. Furthermore, in some cases, the endoscopists may want to return to the sites of interest for further diagnosis or followup interventions. Without accurate localization data, it is very difficult to accomplish this capability.
Another limitation of the current commercial endoscopic capsules is their passive move-60 ment driven by natural peristalsis of the GI tract. Endowing the capsule with an active actuation system would speed up the endoscopic examination and minimize the possibility of missing symptoms. It would also greatly reduce the risks of retention 8 . However, an active movement control for the capsule would not be accomplished without prompt feedback provided by a localization system. This again emphasizes the significance of solving the problem of localization as visual feedback via endoscopic images is not sufficient. For example, one of the most popular methods for controlling the movement of the capsule is to use an external magnetic field to move or rotate an internal permanent magnet integrated inside the capsule 9, 10 . In this method, the position and orientation data are essential to align or maintain stable link between the external magnetic field and the internal magnetic field;
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and to control the strength and direction of the external magnetic field.
A variety of localization methods for WCE have been proposed in the literature 11 . The first idea was to utilize radio-frequency signals emitted from a capsule for transmission of endoscopic images 12 . The signal strength of the received signals measured at eight antennas placed on the patient abdomen was employed to estimate the position of the capsule. One
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advantage of this technique is that it does not occupy any additional space or consume any power of the capsule. However, the method is limited to 2D tracking with very low spatial resolution (an average position error of 37.7 mm).
Another popular technique is through tracking a permanent magnet embedded inside a capsule. A magnetic sensor array is built around the patient's body to measure the 80 magnetic flux intensities. Based on the mathematical relationship between the strength and the direction of the magnetic field and the position and orientation of the magnet, the localization parameters of the capsule can be computed by solving inverse equations.
Although this method can achieve an orientation error of 1.6
• and an average position error of 1.8mm 13 , the method is not compatible with the presence of magnetic actuation systems 85 due to an interference between the two applied magnetic fields.
Several research efforts have been undertaken to find solutions for this important interference problem. The first solution is based on the fact that a low-frequency rotating magnetic field generated for actuation purpose does not influence a high-frequency alternating magnetic field of the localization system. Exciting coil arrays for generating high-frequency 90 alternating magnetic field are used in conjunction with detecting coil arrays to track a resonating coil enclosed inside the capsule 14, 15 . The second idea is to place magnetic sensors inside the capsule to take advantage of the external magnetic field generated for actuation.
Different approaches to measure this magnetic field have been proposed such as enclosing four or six one-axis Hall-effect sensors in the capsule 16, 17 ; using only one 3-axis magnetic sen-95 sor 18 ; or utilizing Hall-effect sensors combined with a tri-axial accelerometer 19 . A common drawback of these methods is space requirement to install such cumbersome localization mechanisms inside the capsule. In fact, the currently available capsules are already highly compact 20 .
In this paper, we propose a novel localization method for WCE based on tracking multiple 100 radioactive positron emission markers attached in the capsule body. Each marker has a spherical shape with a maximum diameter of 1mm. The markers are placed in the plastic cover of the capsule as shown in Fig. 3 . This method hardly occupies any additional space inside the capsule. In addition, zero battery consumption is also an advantage of this localization method.
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Tracking implanted positron emission markers has been studied by Xu et al. 21 in order to track tumor motion during radiation therapy. In this paper, we extend this principle to the localization of WCEs. However, the relative distance between the markers in the capsule is closer than in the tumor which makes the clustering problem more challenging. Additionally, the movement range of the capsule is larger than that of the tumor. A new effective tracking 110 algorithm has been developed to determine the positions of the three markers. After implementing the algorithm using simulation data, the position and orientation of the capsule can be calculated in real-time with sub-millimeter accuracy. The proposed localization method would be compatible with different actuation mechanisms.
II. PRINCIPLE OF OPERATION AND SYSTEM DESIGN
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II.A. Principle of operation
In order to solve the localization problem for the WCE, three positron emission markers are embedded inside the capsule. The isotope confined in the marker decays and emits a positron. The emitted positron then encounters an electron from the environment. These two particles mutually annihilate and generate two gamma rays (511 keV) in nearly collinear 120 opposite directions. The distance that the positron has traveled before the annihilation event occurs is called positron range. Typically, it is within a few millimeters depending on the type of radioisotope. Consequently, in every localization run (50ms), hundreds (or thousands) of pairs of gamma rays in opposite directions are generated from the markers.
The number of gamma rays generated is dependent on the activity of the particular isotope 125 used. Extending the above principle, it is possible to track three positron emission markers using gamma ray detectors. In one localization run, three groups of coincidence lines originating as can be seen in Fig. 3 . At the beginning of an endoscopy procedure, three positron emission markers are attached to the capsule by inserting them into the holes. The marker will then be locked by a lid (with the same material of the plastic cover) at the top of the hole to ensure the marker will not be released during the endoscopy procedure. The relative distances between any two of the three markers are 10mm, 13mm, and 13 mm, respectively.
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-Isotopes and markers: In tumor tracking 21 , the choice of isotope is limited due to the restriction in the isotope's half-life. The markers would remain in the tumor after completing Markers C a p s u l e w i t h m a r k e r s the radiation therapy, thus their half-lives are only allowed to be from a few days to a few weeks depending on the treatment duration 21 . This is to avoid high radiation dose to the patient. Conversely, in capsule localization, the capsule is generally disposed in normal 170 excretion after traveling for approximately 8-10 hours inside the GI tract 8 . Therefore, in most cases, the patient will not be exposed to additional radiation once the WCE examination has been completed. Moreover, in the future when the capsule is provided with an active actuation system, the duration of a WCE examination is expected to even be shortened significantly and capsule retention is expected to not occur. Accordingly, this provides a 175 broader range for choosing isotopes used in capsule tracking. Any positron emission isotope whose half-life is over a few hours could be a considerable choice.
In this study, we choose 22 N a (with a half-life of 2.6 years) to be the radioactive cores for the three markers. This is because 22 N a has already been used widely to make point sources for Positron Emission Tomography (PET) in medical clinics. Secondly, the positron 180 range of 22 N a is smaller than that of other positron emission isotopes such as 124 I, 74 As, 84 Rb, 22 thus using 22 N a will potentially provide higher tracking accuracy. Finally, thanks to its long half-life, the markers can be re-used multiple times for future WCE examinations that require capsule localization without frequent replenishment.
The marker is designed to have a spherical shape with a diameter of less than 1mm.
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The marker contains a tiny spherical radioactive core 22 N a (with a diameter of 0.25mm to 0.5mm, and an activity of less than 1.85 MBq) centered in an acrylic or metallic shell. For some other isotopes which have higher positron range such as 124 I, the spherical shell can be made by gold, tungsten or titanium with a thickness of 0.2-0.3mm depending on the positron range of the isotopes 22 . This is to confine the emitted positrons to within the 190 shell before annihilation occurs, and thus reduce the effect of positron range in the tracking accuracy. In practice, the marker design can be fabricated using similar techniques employed for producing commercial brachytherapy seeds 21 .
-Gamma ray detectors: Gamma ray detector modules which have been used in clinic PET imaging can also be employed in this tracking application for WCE. In conventional PET 195 systems, for imaging purpose, the detectors need to be arranged in full rings to generate a number of images of the radioactive tracer distribution inside the patient body using reconstruction algorithms. However, for tracking purpose, in theory, a minimum of 2 pairs of facing detector blocks at a certain angle to each other is sufficient to provide the location information of the markers. This could significantly reduce the cost and the complexity of PET scanner and an example of detector modules for capsule localization.
In this paper, firstly, the performance of the localization method is evaluated using the full-ring geometry of a conventional PET system. Then, a smaller detector system with two pairs of detector modules is employed to analyze how reducing the detector geometry would 205 affect the tracking accuracy.
II.C. Radiation dose estimation
Since the physical half-life of 22 N a (T 1/2 = 2.6 years) is much longer than the duration of one WCE examination (8-10 hours), the loss of activity due to the physical decay of the radionuclide can be neglected. The radiation dose from a marker to the surrounding tissues 210 can thus be calculated by the external dose formula 23 as beloẇ
whereḢ is the equivalent dose rate (in µSv/h), Γ is the gamma constant of 22 N a (0.362 Therefore, the total radiation dose from one marker for an entire WCE examination is
given by
where H is the total radiation dose in one WCE examination from one marker (in µSv)
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and t is the duration of the examination (in hours). As the capsule moves during the WCE procedure, the distance d from a tissue to the marker is a function of the time dt, the capsule velocity, and the structure of the GI tract. The architecture of the human GI tract, which consists of esophagus, stomach, small intestine and colon, is very complex, especially the small intestine. In addition, the capsule speed varies depending on a number of factors such 225 as peristaltic propulsive force, the environment of the digestive section where the capsule is, an active control for capsule movement, etc. Therefore, it is impossible to calculate the exact radiation dose to a patient's tissues.
However, the maximum radiation dose to the surrounding tissues from the three markers can be approximately estimated by a simplified equation (when the capsule is assumed to 230 remain stationary, and the gamma rays are assumed to pass through the air before reaching the tissue) as below
As mentioned above, A is chosen at 1.85 MBq, thus Fuzzy C-means clustering algorithm in step 4.
2. An initialization method: to estimate the initial points for the three vertices of the 255 triangle (i.e. the initial positions of the three markers).
3. A failure prediction method: to ensure that the Fuzzy C-means clustering algorithm will not fail in some extreme cases using the initial values estimated in step 2.
4. The Fuzzy C-means clustering algorithm: to assign correctly each coincidence line to the corresponding marker that has generated it, and to calculate the point that 260 minimizes the sum of squared perpendicular distances to all coincidence lines in each of the three classified groups.
The algorithm flow-chart is described in Fig. 6 , and each step is explained in detail in the following sub-sections III.A to III.D
III.A. Removing corrupted lines and triangle center finding
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As shown in Fig. 3 , the three markers form a triangle with the edge lengths of 10mm, 13mm and 13mm, respectively. In this step, the center of the triangle is located. There are several types of triangle center, but the one that we are considering here is the triangle's centroid as it minimizes the sum of squared distances to the three vertices. This centroid is supposed to be the point that minimizes the sum of squared distances to all of the true 270 coincidence lines.
In order to locate the center of the triangle, two following sub-steps are executed repeatedly in sequence until no coincidence lines are discarded and the change in the estimated position of the triangle center is less than a pre-determined value
• Finding the point that minimizes the sum of squared perpendicular distances to all 275 coincidence lines (called minimum distance point).
• Removing coincidence lines that are too far from the calculated minimum distance point based on the modified Thompson Tau's method, a statistical outlier removal method 26 .
The mathematical formula representing iterations to determine the minimum distance point 280 is given by
where C (j+1) is the new XYZ position of the center at the iteration (j + 1) th ; C (j) is the position of the center at the previous iteration (j th ). The initial position of the center C
is set at (0, 0, 0) mm (which is the centroid of the detector system) for the first localization 285 run (i = 1), and is set at the previously estimated position for other localization runs (i > 1).
And T (j) is a translation vector, defined by
where N is the number of coincidence lines collected in the current localization run i th ; k T is a scale constant which influences the iteration speed (its optimal value is chosen at 0.5);
290 d( C (j) , l n ) denotes the perpendicular distance vector from C(j) to a coincidence line l n . Calculating distance vectors for every line l n (n = 1, ..., N ), we obtain a set (S) of distance components with a mean d (j) and a standard deviation σ (j) . Each distance vector is then assigned
depending on how statistically inconsistent its magnitude is with the rest of the components in the set. The weight
is computed according to the Gaussian probability distribution.
The iterations stop once the position change of the minimum distance point is less than a threshold (0.1 mm), i.e. when the magnitude of the translation vector T (j) is less than 0.1mm.
The modified Thompson Tau's method 26 is then activated to eliminate the coincidence 300 lines that are two far from the calculated minimum distance point. With this method, only one corrupted line is rejected at a time. In each iteration step, the mean distance d and the standard deviation σ of the set (S) are re-calculated, and the line furthest from the minimum distance point is considered as a suspected corrupted line. Using the following rules, this line is determined to be rejected or to be kept 
III.B. Initialization method
Given a located triangle center, the purpose of this step is to estimate initial values for 
where C is the location of the triangle center; R(u, v, w, θ) is a rotation matrix as a function of (u, v, w, θ); and M 
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The sum of squared distances from the three vertices to their respective coincidence lines is a function of (u, v, w, θ) as below
where k is the marker index (k = 1, 2, 3); l j is the coincidence line to which the marker M k is the closest marker (l j has a unit vector n j and pass through a point a j ); N k is the number To minimize D, the parameters (u, v, w, θ) must satisfy the following equation
From Eq. (8) and Eq. (7) , we have
where
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Eq.(9) can thus be solved by a built-in optimization function in Matlab (e.g. fmincon).
Once (u, v, w, θ) have been computed, the initial positions of the markers can be estimated using Eq.(7). This initialization method is generally time-consuming, thus it is only used when the localization starts or when a potential failure is detected. For other localization 345 runs, the markers' positions calculated from the previous localization run are employed as initial data.
III.C. Fuzzy C-mean clustering algorithm
Given the initial positions for the three markers estimated in step 2, Fuzzy C-mean clustering algorithm 27 is used to classify the coincidence lines into three groups such that 350 the lines in the same group are supposed to arise from the same marker. The position of each marker is expected to be the point that minimizes the sum of squared perpendicular distance to all coincidence lines in its corresponding group. In contrast to hard clustering where each coincidence line is only allowed to belong to exactly one cluster, the Fuzzy C-mean clustering assigns a degree of membership of each coincidence line to every cluster.
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The algorithm is carried out through the following iterative sub-steps:
• At the start of the algorithm (i = 0), the position of the three markers are set at
. Since the isotopes confined in the three markers are chosen at approximately the same activity, the number of coincidence lines in each cluster is initially assumed to be equal to each other. Therefore, the initial 360 relative activity of each marker is
The relative activity of a marker indicates how large the size of its corresponding cluster is compared to the other clusters.
• At the i th iteration, the degree of membership of each coincidence line l n (n = 1, ..., N )
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to each of the clusters (k = 1, ..., 3) is given by
k , l n ) is the distance from the marker k to the line l n ; and q is a weighting exponent which controls the "fuzziness" of the resulting clusters (it can be any number greater than 1).
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• The new positions of the markers and their relative activity are then updated:
where h is a scale constant which controls the iteration speed (its optimal value is chosen at 1.5) k is larger than 5mm is supposed to belong to other markers. Therefore, the following condition is added to Eq.(15)
III.D. Failure prediction method
As explained above, the initialization method provides reliable initial values for the markers' positions which most likely lead to successful clustering by the Fuzzy C-mean algorithm.
However, the computation of this initial estimate is cumbersome and time-consuming (approximately 0.4s to 0.5s) compared to the sampling time of 50ms (one localization time 390 interval). The initialization method is thus only used for the first localization run when prior knowledge of the markers' positions is unknown. In other localization runs, markers' positions calculated from the previous run can be taken as initial positions for the markers.
In some extreme cases in which the capsule's position and orientation change dramatically after one localization run (e.g. when the patient coughs; or when the capsule falls in a hollow 395 area such as a patient's stomach; or due to a sudden force generated by a magnetic actuation system), the initial estimate based on prior knowledge from the previous run may not be reliable. Wrong initial positions could result in a failure in the Fuzzy C-mean algorithm (the clustering algorithm is considered to fail when at least two markers are assigned to the same cluster). Therefore, a failure prediction method is essential to prevent the Fuzzy 400 C-mean algorithm from having wrong starting values. Once the failure prediction method has detected a potential failure, the last known positions of the markers will not be used as the starting points for the clustering algorithm. Instead, the initialization method described in step 2 (sub-section III.B) is activated again to provide better initial data.
In order to avoid potential failures, two following conditions are checked before proceeding
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to the Fuzzy C-mean clustering algorithm:
• The relative distance between any two of the three initial points is compared with a pre-determined value (5mm). If the former is smaller than the latter, the initial points are considered as unacceptable. This is because two initial points that are too close to each other would likely be assigned to the same cluster.
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• If the capsule encounters an abrupt movement, the position change of the markers between two consecutive localization runs would be large. The collected coincidence lines would thus be far away from the three initial points. In order to check whether or not this condition occurs, the failure prediction method compares the total number of "close" lines to the three initial points with 50% of the total number of coincidence 415 lines collected in the localization run. The initial positions are considered to be good only if the former is larger than the latter. A coincidence line is considered to be "close" with a marker if their perpendicular distance is less than 5mm.
IV. GATE SIMULATION
In order to examine the validation of the proposed localization system, a model of the 1% to 8%. Thanks to the reliability, GATE toolkit has been used widely in many studies in the field of nuclear medicine.
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The model of the gamma ray detectors used in this study is designed according to the As can be seen in Fig. 8, x ,y, and z axes in GATE are the lateral axis, vertical axis and 
V. RESULTS
The tracking algorithm is implemented in Matlab (MathWorks, Inc.) to evaluate its performance using the data obtained by GATE. The localization is successful in all 720 localization runs. 
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Based on the configuration of the markers in the capsule body as shown in Fig. 3 , the 0 100 200 300 00 500 00 00 0 2 era e r en a n err r: 1 3 1 05 de ree al a n run r en a n err r n de ree Fig. 11 Orientation error of the capsule in every localization run.
centroid of the capsule is also the midpoint of the segment connecting the two closest markers. The other marker, which is furthest away from these two markers, lies on one tip of the capsule. Therefore, a vector that originates from the midpoint between the two closest markers to the furthest marker can be considered as an orientation vector of the capsule.
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The true orientation vector can thus be calculated in every localization run using the true positions of the markers. The different angle between a true orientation vector and an estimated orientation vector is considered as the orientation error of the capsule. As illustrated in Fig. 11 , the average orientation error of the capsule is approximately 1.8
• .
V.C. Failure prediction and initialization
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In order to evaluate the effectiveness of the failure prediction method, an abrupt movement of the capsule is generated at the beginning of the 300th localization run. The capsule is suddenly dragged 50mm away from its previous position. Without the failure prediction method, the Fuzzy C-mean clustering algorithm fails to locate the three markers. This is understandable as the initial values, which are based on previous markers' positions, are At the beginning of the 500 th localization run, the failure prediction method is added to cm. As can be seen in Fig. 13 , the average position error of an entire simulation is higher when the phantom's diameter is increased. This is because the larger the diameter of the phantom is, the more scattered coincidence events occur, or in other words, the less true coincidence lines being obtained. Reported by GATE, an average percentage of true coincidence events in one entire simulation are 73.1%, 65.4%, 58.8%, 52.6%, and 47.3% when As opposed to the conventional PET imaging technique, the localization method for WCE does not require the full-ring geometry. Therefore, a new simulation dataset, which is for a smaller detector system with two pairs of detector modules (Fig. 4) , has been created to 560 evaluate how a smaller detector geometry affects the tracking performance.
In order to compare these results with the results from the full-ring detector, most of the parameters of the previously simulated model are kept unchanged, such as the capsule speed (5mm/s), the capsule movement trajectory, the phantom size (20cm), the crystal size (4mm × 6mm × 20mm), the crystal type (GSO), the detector diameter at the surface of There are two reasons for why the tracking accuracy is slightly better than previously achieved when a full-ring scanner is used. Firstly, this is because of the increase in the true 580 coincidence rate (as shown in Table I ). Given a less number of detector blocks (4 compared to 28), the possibility of detecting scattered coincidence and random coincidence by the smaller detector system is reduced. Secondly, regardless of how many coincidence lines are recorded totally in each localization run, the same number of lines (210) is fed to the tracking algorithm for both datasets. Therefore, the tracking algorithm was implemented 585 with a larger number of true coincidence lines for this simulation dataset.
Although the activity of the isotope is chosen at the same level for both datasets, the success rate using the reduced geometry is retained at 100%. However, with a larger phan- Depending on the tracking frequency and the phantom size, the minimum activity re-595 quirement of the isotope contained in the markers can approximately be estimated from: Due to safety and not causing discomfort to a patient, the capsule is not allowed to move too fast inside the GI tract. Additionally, abrupt capsule movement can be detected effectively by the failure prediction method. Therefore, the tracking frequency is not necessarily as high as 20Hz performed in this study. With a lower tracking rate, i.e. longer sampling 630 time, the same level of activity of the marker will provide a proportionally higher number of coincidence lines collected in each localization run. Accordingly, the activity of the marker can thus be chosen at a lower value. However, for thick and heavy patients, the activity would have to be increased to compensate the gamma rays that attenuate and scatter in the patient body to ensure a sufficient number of coincidence lines are input to the tracking 635 algorithm.
The localization method proposed in this paper is not limited to the application of robotic endoscopic capsules, and it can be extended to track other medical devices where position and orientation information is required in diagnosis and treatment of diseases. In such applications, the number of the markers embedded in the device can be varied (more than 640 three) with various configurations, and they would be likely to be located by an algorithm similar to the tracking algorithm presented in this paper. In a future work, commercial PET scanners will be utilized to further validate the proposed localization method. Thanks to the high reliability of the GATE simulation which has been proved in the literature, the tracking performance is not expected to be much different when the method is evaluated 645 with a real PET scanner.
VII. CONCLUSION
This paper has presented an innovative localization method for WCE based on tracking three positron emission markers embedded in the capsule's cover. Using simulation data acquired from the GATE simulation toolkit, the performance of the tracking algorithm has 650 been evaluated. Results obtained after implementing the tracking algorithm show that this localization method can potentially achieve real-time tracking with a high tracking accuracy.
The position and orientation of the capsule can be computed in 2ms to 3ms (compared to 50ms of sampling time) with an average position error of less than 0.4mm and an average orientation error of less than 2
• . Furthermore, free space occupation inside the capsule 655 and zero battery consumption are also great advantages of this localization method. The localization system is expected to be compatible with any actuation mechanisms for WCE as there is no conflict between gamma rays and electric and magnetic fields used in other actuation systems. A disadvantage of this method is the radiation exposure to the patient body from the three radioactive markers. However, the activity used in this localization it can be lessened even more in practice if a lower tracking frequency is chosen. In future work, the tracking algorithm will be evaluated using experimental data when the localization method is tested with conventional PET scanners.
